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Abstract 

The control of Bi incorporation and material properties in III-V-Bi alloys has proved challenging due to 

their high sensitivity to the epitaxial growth parameters. Here, we present a methodology for determining 

the variation in the Ga, As, and Bi fluxes and the temperature across a stationary substrate in molecular 

beam epitaxy. By correlating the flux distributions with material properties, we identify distinct regimes 

for epitaxy of GaAsBi. In particular, we devise a detailed image of the interplay between Bi incorporation 

and structural properties of a bulk GaAs0.96Bi0.04 layer grown on GaAs(100) with respect to the As/Ga ratio. 

The influence of As/Ga is analyzed with high resolution over the important stoichiometric range (i.e. As/Ga 

= 0.6–1.6). Growth outside the near-stoichiometric As/Ga regime leads to decreased Bi incorporation, 

decreased structural quality and the formation of Ga, Ga/Bi or Bi droplets. On the other hand, growth at 

As/Ga = 1.00–1.17 leads to maximized material quality. For this regime, the surface roughness is further 

optimized by fine-tuning the As/Ga ratio to suppress surface mounding to a value of 0.5 nm. The results 

reveal the extreme sensitivity of GaAsBi growth to small variations in the As/Ga ratio, and demonstrate 

the applicability of stationary growth in studying these effects. 
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1. Introduction 

Epitaxy of III-V alloys with desired properties requires careful control of the growth parameters, including 

the temperature, the growth rate, and the ratios of the fluxes impinging on the substrate. To this end, 

using molecular beam epitaxy (MBE) is seen as advantageous owing to the possibility to independently 

control many of the parameters with good accuracy. Yet, in some cases, even very small variations in these 

parameters can cause disproportionally large changes in material properties.  This is particularly valid for 

metastable III-V-Bi alloys, such as GaAsBi, GaSbBi and InAsBi, which have received increasing attention in 

recent years due to their advantageous properties in optoelectronic applications [1,2,3,4].  The sensitivity 

to growth parameters arises from weak III-Bi bonding, which necessitates non-equilibrium growth 

conditions governed by kinetics to facilitate Bi incorporation. For example, reaching desired Bi 

concentrations of several at.-% in GaAsBi, while maintaining high material quality, has proved to be a 

major challenge that requires the use of low growth temperatures (< 400 °C) to prevent segregation and 

desorption of Bi, as well as low As/Ga flux ratios due to the preferential As-Ga bonding [5,6,7]. 

To guide the MBE process, models relating the growth parameters to the resulting Bi concentration have 

been proposed [5,6]. However, due to the large number of interplaying parameters and complexity of the 

system, their applicability is limited to specific areas in the growth parameter space based on the inherent 

assumptions in the models [1]. For example, the model by Lu et al. [5] assumes an As-rich surface, whereas 

the model by Lewis et al. [6] assumes a Ga-rich surface, both of which are applicable to different As/Ga 

regimes. Furthermore, in addition to reaching the desired Bi concentration, the ability to control the 



structural, optical and electrical properties to meet the needs of specific applications is required. To this 

end, the interplay between the material properties and growth conditions has to be considered. For 

example, X-ray diffraction (XRD) measurements indicated inhomogeneous Bi incorporation for the 

samples used in the study by Lu et al. [5]. Moreover, while GaAsBi layers with Bi concentrations up to 22% 

were achieved within the framework of Lewis' model [6], the layer surfaces were covered in droplets; we 

also note that neither of these studies reported photoluminescence (PL) emission, which requires good 

structural quality and low defect densities. In general, GaAsBi growth has been shown to be highly prone 

to inhomogeneous Bi incorporation [5,7,8,9], clustering [10], composition modulation and ordering 

[11,12,13], surface segregation [14], high point defect concentrations [15,16,17] and broad PL emission 

spectra [7,9,18]. Several reports have also demonstrated the accumulation of excess Ga or Bi in the form 

of droplets on the layer surface. These droplets have been shown to consist either of Ga/Bi, Ga, or Bi [19-

24].  

Attempts to elucidate the relation between growth parameters and material properties have been 

relatively scarce and generally targeted to specific parameter ranges. Ptak et al. [25] studied the interplay 

between the surface roughness and growth rate of GaAsBi, finding that smooth surfaces can be obtained 

by choosing an optimum growth rate depending on the desired Bi concentration; however, no verification 

of the structural quality within the layers or of the optical properties was provided. The only report 

addressing the effect of the As/Ga ratio on GaAsBi growth was given by Masnadi-Shirazi et al. [26], who 

attributed improved structural quality to growth with the Bi-induced (2×1) reconstruction observed near 

the stoichiometric As/Ga ratio, while samples grown with the (1×3) reconstruction at higher As/Ga 

showed degraded XRD features. These observations suggest that a systematic study of the material 

properties over the critical stoichiometric As/Ga ratio is necessary. Such studies have been carried out for 

GaAs in As-rich conditions while grown at low temperatures (LT-GaAs), similar to those required by GaAsBi 

[27,28]. When grown at above-stoichiometric As/Ga ratios, LT-GaAs contains a high concentration of point 



defects. However, the structural quality can be improved and defect concentrations greatly reduced by 

carefully controlling the As/Ga ratio in the near-stoichiometric range in order to minimize the amount of 

excess As [27,28]. Significant point defect concentrations have been reported for GaAsBi as well [15,16], 

despite the surfactant effect associated with Bi [29]. Studies on MBE-grown GaAsBi samples typically state 

growth close to or slightly above the stoichiometric As/Ga ratio, without giving quantitative values and 

often not reporting the method of calibration. This is likely due to the difficulty in measuring the flux ratio 

accurately, limiting the available options to qualitative determination of the stoichiometric ratio with 

methods such as observing RHEED transitions [26] or diffuse light scattering [18]. As we will demonstrate, 

optimization of material quality requires control of the flux ratio with greater accuracy that may be 

achievable by conventional methods. Evidently this could have contributed to the large variation in the 

reported material properties of GaAsBi layers. 

Considering the challenges outlined above, it is clear that further development of GaAsBi alloys requires 

mapping of more comprehensive parameter spaces while also considering the effects of small parameter 

deviations, which can cause significant variation in material properties.  Conventionally, such a study 

would require a very large amount of growths, while simultaneously the effect of very small parameter 

variations could be masked by the uncertainty in controlling them. For example, typical group III fluxes in 

MBE, such as Ga, can be measured with better than 1% accuracy by an ionization gauge, whereas for the 

more volatile group V species, such as As, the uncertainty can be as high as 10% [30] due to the non-unity 

sticking of As on the growth chamber surfaces and exacerbated by the relative complexity of a typical 

two-zone As cracker source.  

In this report, we present a combinatorial [31] methodology in which we utilize stationary (non-rotating 

substrate) MBE to address the effect of flux variations in GaAsBi growth. In typical MBE, the substrate is 

continuously rotated to average out the non-uniform molecular beams [32]. Conversely, by stopping the 

rotation flux gradients will form over the substrate. Myers [33] used this principle to study the effect of 



As/Ga flux ratio on the properties of GaMnAs by using experimentally derived flux distributions for Ga, As 

and Mn.  Li et al. [34], Wood et al. [35] and Collar et al. [24] utilized it for GaAsBi growth by using 

theoretically calculated flux distributions, where the material sources were assumed to behave as point 

sources with a radial flux emission. In practice, flux distributions at the substrate location are affected by 

system-specific aspects such as the shape of the material container and distribution of material within, 

and can be distorted by material deposits in the beam path [36]. Thus, to accurately determine the flux 

distributions each constituent has to be experimentally measured. Here, this methodology is established 

for Ga, As and Bi.  

Another potential source of uncertainty are growth temperature variations across the substrate arising 

from the radiative heating designs used in MBE [30]. To address this, we determine the range of 

temperature variation over the substrate to assess its effect on the results. Using stationary growth, we 

show how the structural properties of GaAsBi vary with respect to small changes in the As/Ga ratio near 

the stoichiometric condition, leading to clearly defined regions with respect to the material properties.   

2. Fabrication and analysis method 

All samples were grown on 2 inch diameter GaAs(100) substrates. Conventional effusion cells were used 

for Ga and Bi, and a two-zone cracker for As2. For all samples except the As calibration sample, the 

substrate was heated for 10 min at 620 °C to remove the native oxide, after which a GaAs buffer layer 

with a thickness of 150 nm was deposited at 580 °C. The growth rates were 0.5 µm/h for the GaAsBi 

sample and 0.4 µm/h for the AlAs/GaAs calibration sample. The layer thicknesses and growth rates in this 

report refer to the values at the center of the substrate, and are spatially modulated by the flux 

distributions. The growth temperatures for the GaAsBi and low temperature grown GaAs layers were 

controlled with a thermocouple. The thermocouple readings were calibrated by linearly extrapolating the 

relationship between pyrometer and thermocouple values to the low temperature range, where 



pyrometry is not operational. This means that in order to obtain an estimated temperature of 220 °C, a 

thermocouple setpoint of 300 °C was used. Such discrepancy is typical for systems where the 

thermocouple is not in direct contact with the substrate [27]. 

High-resolution XRD ω-2θ scans were measured with a Phillips X'Pert Pro diffractometer for the (004) 

reflection. The layer compositions and thicknesses were determined by fitting a dynamical model to the 

XRD data assuming pseudomorphic strain and Vegard's law.  For the GaBi binary, a lattice constant of 6.33 

Å was used [37]. The dimensions of the X-ray beam were determined by taking a set of rocking curves 

over a cleaved edge of a GaAs wafer with different overlap between the X-ray beam and the wafer, thus 

providing position dependent integrated intensity of the beam. The beam shape could then be 

determined by the derivative of this integral, from which the beam dimensions were taken to be 2 x 14 

mm2. The sample surfaces were characterized with tapping mode atomic force microscopy (AFM; Veeco 

Dimension 3100), scanning electron microscopy (SEM; Zeiss Ultra-55) and energy-dispersive spectroscopy 

(EDS; Zeiss Crossbeam 540). PL was measured with an Accent RPM2000 system using 532 nm excitation 

at room temperature. 

To utilize the stationary growth method, calibration samples were grown without substrate rotation to 

determine the flux distributions along a specific analysis direction. This direction was selected by growing 

a GaAs layer at 220 °C with an As/Ga flux ratio of 1 at approximately the center of the substrate. This 

produced a visible interface over the substrate diameter between a grayish diffuse surface and a mirror-

like reflective surface. Since excess Ga does not evaporate at the low growth temperature [38] and forms 

droplets above one monolayer of surface coverage [39], the diffuse side is assumed to have As/Ga < 1 and 

the bright side As/Ga > 1. The interface position was measured with an optical microscope, and by SEM 

imaging was confirmed to correspond to the location where visible Ga droplets first appeared. This 

method allows to fix the As/Ga ratio precisely with respect to position without error produced by flux 

ratio measurements or source flux variation. We note however, that although it is expected to give an 



accurate and reproducible estimation of the atomic flux ratio impinging on the substrate, incorporation 

of Bi may affect the effective V/III flux ratio and the onset of droplet formation with respect to the atomic 

As/Ga flux ratio, making it important to distinguish the method used for calibration. The analysis direction, 

which represents the maximum variation in the As/Ga flux ratio, was chosen perpendicular to the 

interface. The XRD beam was oriented such that the 2 mm width of the beam was parallel to the analysis 

direction, to minimize the effects of variations in the measured properties on the XRD curves. 

To determine the Ga flux distribution, a 270 nm thick GaAs layer was grown stationarily (without sample 

rotation) on top of a 90 nm thick AlAs layer grown with rotation.  The layers were grown at typical GaAs 

growth conditions (i.e. high As overpressure at 580 °C), where the growth rate is controlled by the Ga flux. 

The layer structure was designed to produce clearly defined thickness fringes in the XRD curves which can 

be used to determine the layer thickness with high accuracy. The GaAs thickness was determined by fitting 

the measured XRD data, as shown in Fig. 1. 

 

Figure 1. Top GaAs layer thickness of the AlAs/GaAs heterostructure and the deduced flux distribution. The 

insets show a schematic of the sample structure and a representative XRD measurement with a respective 

fit. 

 



To determine the As flux distribution, an As capping layer was deposited on a GaAs substrate. Before the 

deposition, the substrate heater was turned off and the As valve opened to a beam equivalent pressure 

(BEP) of 9E-7 mbar for 7 h 20 min after the temperature had reached below 40 °C (thermocouple value), 

to ensure sticking of As. This procedure produced an As layer with a smooth surface whose thickness was 

measured with cross-sectional SEM measurements performed on 4 x 4 mm2 chips cut from the wafer 

along the analysis direction and cleaved to produce a smooth cross-sectional surface. The thickness 

variation of the layer is taken to represent the variation in the As flux. The results are shown in Fig. 2. 

 

Figure 2.  As-cap thickness and the deduced flux distribution over the substrate. The inset shows an 

example cross-sectional SEM measurement. 

 

To determine the Bi flux distribution, Bi was deposited on a GaAs surface at a temperature of 220 °C for 

20 min with a BEP of 6E-8 mbar. The amount of Bi was chosen to produce well-defined Bi droplets whose 

volume could be measured microscopically. The volume of the resulting Bi droplets per unit area, 

proportional to the Bi flux, was measured by AFM along the analysis direction. The estimation was done 

by choosing an appropriate threshold plane with respect to the AFM data above which the volume would 

be counted. The data was collected using a single AFM tip to exclude effects from tip geometry. The 



estimated Bi flux distribution is shown in Fig. 3. Fig. 4 shows the As/Ga flux ratio distribution together with 

the individual flux distributions. 

 

Figure 3. Total volume of the Bi droplets in a 1 x 1 um2 area of the Bi deposition sample, with the inset 

showing an example AFM measurement. 

 

 

Figure 4. A compilation of the experimentally determined constituent flux distributions and the As/Ga flux 

ratio over the analysis direction. 

 



To explore the growth temperature variation over the wafer, several LT-GaAs layers with thicknesses of 

260-270 nm were grown stationarily at temperatures of 220 °C, 250 °C, 270 °C and 320 °C using a high 

As/Ga flux ratio of 2.7. At these conditions, AsGa antisites are incorporated into the lattice inducing a lattice 

mismatch with respect to the GaAs substrate [40]. The antisite concentration, which is proportional to the 

mismatch, is saturated at the high As/Ga ratios [27,28,41] and is limited by the growth temperature [40]. 

The lattice mismatch in each case was determined by fitting of XRD scans. The saturated mismatch varies 

linearly with temperature, as shown in Fig. 5 a, and thus measuring the mismatch variation across each 

wafer (Fig. 5 b) can be used to probe the temperature variation. In Fig. 5 c, the temperature variation 

along the analysis direction is shown for each sample revealing an upper bound of 7 °C which for this work 

is considered negligible. 

 

Figure 5. a) Saturated lattice mismatch for the GaAs layers measured by XRD as a function of the growth 

temperature. b) Mismatch distribution for the 270 °C sample. c) The temperature variation for all samples. 

 



3. Results 

The stationary growth method was utilized in the study of a GaAsBi layer with a nominal thickness of 

160 nm and a Bi concentration of 4.2% grown at a temperature of 220 °C. Position-dependent XRD, SEM, 

AFM and PL measurements were performed over the analysis direction.  The XRD rocking curves are 

shown in Fig. 6, where the data is centered to the narrow GaAs(004) peaks at zero arcseconds arising from 

the substrate and buffer layers. The GaAsBi peaks to the side of the GaAs peak have clearly defined 

thickness fringes for some locations while others consist of wide diffuse peaks with reduced intensity and 

degraded or missing thickness fringes. The spectra with well-defined fringes could be fitted to simulation 

(green curves) using a simple structure consisting of a single GaAsBi layer on GaAs. The red curves 

represent fits with a non-variable thickness determined by the gradient of the limiting flux constituent 

(Ga or As, as discussed later) fixed to the thickness obtained for clearly defined curves. The Bi 

concentration was determined by the XRD fits for spectra with well-defined fringes, or by the mismatch 

between the GaAs and GaAsBi peaks. The Bi incorporation ratio, as well as the RMS surface roughness 

measured by AFM, are plotted in Fig. 7 with respect to the As/Ga ratio. In Fig. 7, the XRD measurements 

that demonstrate high quality and can be fitted to simulation are represented as closed scatter points 

while degraded XRD curves are denoted by open points. To estimate the Bi incorporation ratio, we assume 

that the nominal Bi concentration (corresponding to a situation where all Bi incorporates in the GaAs 

lattice) is given by the Bi/Ga flux ratio at As/Ga values above 1, since at this region the growth is Ga-limited 

and excess As is evaporated.  For As/Ga values below 1, the growth is As-limited and we assume that all 

excess Ga is lost to droplet formation [42,43]. Therefore, the nominal Bi concentration is given by the 

Bi/As ratio at this range. Bi incorporation is defined as the ratio of measured (XRD) and nominal Bi 

concentrations, normalized to the maximum Bi incorporation. Thus, the reported Bi incorporation reflects 

the fraction of Bi atoms incorporated while the rest are either accumulated on the surface or evaporated. 



Based on the combination of structural and surface analysis to be presented, the properties of the GaAsBi 

layer can be divided in three major regimes with respect to the As/Ga ratio, and are denoted as low (L), 

stoichiometric (S) and high (H) regimes in Fig. 7. 

 

Figure. 6 . XRD curves together with the respective dynamical simulations over the analysis direction for 

the GaAsBi sample. Green curves represent simulation using a variable Bi concentration and thickness, 

while red curves were fitted using a constant thickness. As/Ga ratio increases from top to bottom. L, S and 

H denote the low, stoichiometric and high As/Ga regimes, respectively. 

 



 

Figure. 7. Bi incorporation and RMS surface roughness with respect to the As/Ga ratio for the GaAsBi 

sample. The roughness values were determined from a 50x50 µm2 image for the lowest As/Ga value, and 

from 5x5 µm2 images for the others. 

 

Regime L is characterized by XRD curves with a wide GaAsBi peak and the lack of thickness fringes. 

Throughout regime L, the Bi incorporation increases with increasing As/Ga. To rule out the potential effect 

of the finite XRD beam width, we performed an integrated simulation with multiple Bi concentrations 

accounting for the highest observed variation of Bi concentration possible within the XRD beam width. 

This produced slight broadening of the thickness fringes, but could not account for the severe degradation 

of the diffraction intensity. An SEM image taken in the secondary electron (SE-SEM) mode for As/Ga = 0.6 

(Fig. 8 a) reveals the topography of the surface at low As/Ga. A high density of small (< 1.4 µm diameter) 

droplets are observed, along with larger (2-6 µm diameter) ones with lower density. The large droplets 

have droplet-free tracks with lengths ranging from ~3 µm up to 30 µm oriented in the [011] direction. An 

image taken from the same location using the backscattered electron mode (BSE-SEM), where the image 

contrast arises mainly from differences in the atomic numbers, is shown on the right column. In the BSE 

image, the dark sections of the droplets are attributed to Ga and the smaller bright sections to Bi. This is 



confirmed by an EDS analysis of a large droplet shown in the inset of Fig. 8 a, which reveals the two 

sections as composed of Ga and Bi.   Up to As/Ga = 0.97, all droplets, regardless of size, contain both Ga 

and Bi sections. However, in the immediate vicinity of the stoichiometric interface at As/Ga = 1.00, only 

small droplets with < 100 nm diameter are found, showing a uniform dark contrast in BSE-SEM with no 

apparent Bi section (Fig. 8 b). The surface roughness decreases rapidly when approaching the transition 

to regime S, consistent with decreasing coverage of droplets on the surface. 

When As/Ga is increased to regime S, the Bi incorporation levels off to an almost constant maximum 

value. Except for the outermost measurement points, the XRD curves indicate homogeneous Bi 

incorporation with high crystal quality, as evidenced by the appearance of thickness fringes in the XRD 

rocking curves and a near-perfect fit to simulation. The thickness variation from simulated XRD rocking 

curves follow the Ga flux variation, as expected for Ga-limited growth with unity Ga incorporation.  

Moreover, comprehensive optical microscopy, SEM and AFM analysis show complete lack of droplets 

within regime S. AFM images illustrating the surface features in the low and high As/Ga extremes within 

regime S are shown in Fig. 9. The surface at lower As/Ga values is characterized by elongated mounds 

with about 20 nm periodicity and 2 nm amplitude as illustrated in Fig. 9 a. As the As/Ga ratio is increased, 

the amplitude of these features decreases, and a pattern consisting of large-scale features with roughly 

200 nm periodicity emerges. This is accompanied with a reduction in the surface roughness, reaching a 

minimum of 0.5 nm before the transition to regime H. 

When As/Ga is increased to regime H, Bi incorporation begins to decrease, and the XRD features are 

significantly degraded. This is accompanied with an increase in the surface roughness. SEM images taken 

at As/Ga = 1.2-1.3 (Fig. 8 c) exhibit rough features, but do not show clear Bi enriched areas or bright 

contrast in the ESB images. At As/Ga = 1.4-1.6, the appearance of irregularly shaped Bi droplets is 

confirmed by BSE-SEM and ESD analysis, as shown in Fig. 8 d. Neither Ga or Ga/Bi droplets are observed 

within this regime. 



 



Figure. 8. a-d) SEM images from the sample surface with As/Ga = 0.6, 1.0, 1.2 and 1.6, respectively. The 

left column shows images acquired in the SE-mode, whereas images on the right are taken in the BSE-

mode. The insets show EDS images from the corresponding locations where red, green and blue colors 

correspond to Ga, As and Bi, respectively. 

 

 

Figure. 9. 1x1 µm2 and 5x5 µm2 AFM images from the sample surface with As/Ga values from the lower 

(a,b) or higher (c,d) side of regime S. 

 



4. Discussion 

As shown above, regime S is characterized by the lack of droplets and a decreasing surface roughness, as 

well as maximized Bi incorporation and high structural quality. The degradation of XRD features at the 

boundaries of this regime is likely a result of the finite width of the XRD beam. The 2 mm beam width 

corresponds to an As/Ga variation of ± 2.7%. This means that the signal for these points originates partially 

from regimes L or H with degraded structural quality. We assume As/Ga to equal 1 at the boundary 

between regimes L and S. Thus, increasing the As/Ga ratio within regime S leads to decreasing Ga coverage 

and increasing As coverage [6]. An additional Bi surfactant layer exists on top with a thickness of one 

monolayer or less, depending on the relative rates of Bi incorporation and evaporation. 

The nearly stable Bi incorporation within regime S is somewhat surprising, since decreasing Ga coverage 

is expected to decrease Bi incorporation [5,6]. However, as demonstrated in earlier studies [27,28,41], 

the amount of AsGa antisites in GaAs grown at low temperatures increases rapidly when As/Ga is increased 

from the stoichiometric ratio. AsGa antisites induce a compressive strain, which is indistinguishable from 

strain induced by Bi in the XRD curves. The maximum observed strain in GaAs grown at 220 °C in our 

earlier study [41] corresponded to about 0.4% in absolute Bi concentration. This means that assuming the 

same AsGa incorporation levels for the GaAsBi sample, the overestimation of the Bi incorporation 

efficiency in Fig. 7 would increase rapidly from zero at As/Ga = 1 to a maximum of about 0.1 for As/Ga = 

2. This would correspond to a faster decrease in Bi incorporation within regime S than plotted in Fig. 7, 

depending on the actual AsGa concentration. On the other hand, the high-quality XRD curves and 

maximized Bi incorporation are consistent with growth in the Bi-induced near-stoichiometric (2×1) 

reconstruction, which was observed by Masnadi-Shirazi et al. [26] for growth temperatures down to 250 

°C (lowest temperature studied). Since increasing the As/Ga ratio lead to growth in the (1×3) 

reconstruction, which was associated with degraded XRD and decreased Bi incorporation, it is possible 



that this transition occurs between regimes S and H and is responsible for the relatively stable Bi 

incorporation in regime S. 

The root mean square (RMS) surface roughness decreases from 1.4 to 0.5 nm within regime S. Ptak et al. 

[25] optimized GaAsBi roughness by adjusting the growth rate with respect to the desired Bi 

concentration, establishing a kinetically limited growth regime. They argued that the surface roughness is 

minimized for conditions where a Bi surfactant layer is present, but Bi coverage does not become high 

enough for Bi droplets to form. This allowed the growth of GaAsBi layers with sub-nm roughness for 

samples grown at 315 °C.  Within this regime, Bi incorporation has a linear dependence with the Bi flux 

(i.e. dopant-like incorporation). We note that other samples grown with varying Bi flux with the same 

growth conditions as used in this study demonstrated linear dependence of the maximum Bi incorporation 

(not shown). This, and the lack of surface droplets in regime S, suggests maximized Bi incorporation with 

respect to the Bi flux, and growth within the kinetically limited regime.    

On the other hand, further reducing the growth temperature compared to the ideal GaAs conditions 

should generally lead to worse material quality. For example, Tait et al. [44] reported an increase in the 

RMS roughness from 0.8 to 2.7 nm for 500 nm thick GaAsBi layers when the growth temperature 

decreased from 340 °C to 315 °C, with simultaneous formation of nanostructures, such as lateral 

composition modulation (LCM), nanopores and clustering. As discussed, the roughness variation in regime 

S is correlated with the amplitude variation of mound-like surface features. Surface mounds, or elongated 

undulations, have been reported in GaAs by several groups and have been linked to unstable growth with 

island nucleation in the presence of an Ehrlich-Schwoebel barrier [45,46,]. Elongation of the mounds 

results from anisotropy in the diffusion length of Ga [48], which is also affected by Bi acting as a surfactant 

[49]. Similar features are also suggested to arise from phase separation in ternary alloys. Schmidbauer et 

al. [50] attributed corrugated surface features in InGaP films to LCM. Undulations have also been observed 

on GaAsBi surfaces [5,51]. In our earlier study [13], we demonstrated LCM for layers grown at the same 



temperature as used in this study with similar Bi concentration (4.7%), while layers grown at 315 °C did 

not exhibit these features.  We have shown earlier that LCM can generate height modulations on the 

sample surface, but is generally difficult to detect with XRD [52]. However, detailed examination of the 

first XRD curve with well-defined thickness fringes (second measurement from the top within regime S in 

Fig. 6) shows slight anisotropy of the main GaAsBi peak and a slightly lowered Bi concentration, correlating 

with increased mound amplitude.  The exact origin of the surface undulations in the present case is 

unclear, but fundamentally, formation of mounds or undulations in GaAs, as well as LCM in ternary 

systems, are controlled by the atomic diffusion on the growing surface. The diffusion length of Ga on an 

As-rich surface decreases with increased As/Ga ratio, which was associated with reduced mound 

formation in GaAs [47], in agreement with the present results. It is unclear what the effect of variation in 

Bi surfactant coverage in regime S is, however surface Bi would be expected to increase the diffusion 

lengths compared to GaAs growth [29], affecting mound formation. In principle, the reduction of growth 

rate within regime S could also affect the relative surface coverages, but this effect is likely negligible since 

the variation in growth rate is less than 6%. These observations lead to conclude that in order to minimize 

the surface roughness for a given growth temperature, growth should occur in an As-rich regime (to avoid 

Ga droplet formation) with the As/Ga ratio increased to a level where mound formation is minimized but 

Bi coverage is low enough to prevent Bi droplet formation.  

However, further optimization of the material with respect to optical quality requires suppression of non-

radiative point defects within the bulk, in addition to obtaining a smooth surface and homogeneous 

composition. In an attempt to investigate the optical properties, PL was measured at room temperature 

over the analysis direction with a step size corresponding to about 0.005 in As/Ga ratio over regime S. No 

PL emission was found for any As/Ga value, whereas samples grown at similar conditions at 370 °C 

demonstrate clear PL emission near the stoichiometric interface (not shown here) using the same 

measurement setup. As discussed, the AsGa antisite, as well as the Ga vacancy concentration in GaAs, 



increase with decreasing growth temperature [28,40,41]. The formation of these defects requires an 

excess As flux, and is thus minimized near the stoichiometric interface [27,28,41]. In fact, the structural, 

electrical as well as optical quality of LT-GaAs grown at an optimal As/Ga ratio was found to be close to 

that of GaAs grown at ideal conditions [27]. Moreover, reports have shown that Bi suppresses the 

formation of point defects to some extent [15,17], due to the surfactant effect of Bi. However, as 

demonstrated here, reduction of As/Ga within regime S leads to simultaneous increase of surface 

mounding, which increases light scattering and reduces the optical efficiency. Therefore, further 

optimization of the material may require growth at higher temperatures, provided that the Bi 

incorporation does not become saturated, or the use of post-growth annealing treatments. 

As discussed, decreasing the As/Ga ratio below 1, (regime L) leads to the immediate formation of visible 

droplets.   The formation of Ga/Bi droplets in III-V-Bi materials has been generally attributed to the alloying 

of Bi and Ga during growth, and subsequent phase separation during cooling [20,21,53].  Near the 

transition between regimes L and S, small Ga droplets still form but Bi incorporation is not significantly 

decreased and no excess Bi remains on the surface. These Ga droplets differ from the similar-sized 

droplets at low As/Ga values, which always have both Ga and Bi components. This suggests that the 

preference of Bi to accumulate instead of incorporate in the lattice is not simply caused by a preference 

for Bi to alloy with existing Ga droplets. For the sample studied here, multiple factors may contribute to 

the appearance of Ga/Bi droplets and the subsequent reduction of Bi incorporation efficiency with 

decreasing As/Ga. The nominal Bi concentration, given by the Bi/As ratio, increases with decreasing As/Ga 

in regime L. This may lead to saturation of the Bi incorporation, and subsequent formation of Bi droplets. 

Even small Bi droplets can then further reduce the Bi incorporation, as shown by Rodriguez et al. [54]. 

Another factor is the reduction of growth rate, determined by the As flux, with decreased As/Ga. 

Reduction of growth rate leads to increased lifetime of Bi on the surface and may promote droplet 

formation [25]. However, as Ga/Bi droplets appear almost immediately after transition to regime L, it is 



likely that the Bi accumulation is triggered by increased amount of excess Ga on the surface or reduction 

in the surface area available to growth (increase in droplet coverage). 

Notably, spontaneous motion of the large droplets within regime L is evident from the droplet-tree tracks 

behind the droplets. Detailed investigation of the tracks is out of scope for this report, however we note 

that spontaneous motion of Ga/Bi as well as Bi droplets during GaAsBi growth, and subsequent formation 

of Bi-depleted nanowire-like structures has been reported by several authors [21,22,24]. Nanowire 

formation was also shown to introduce inhomogeneous Bi incorporation within the bulk material above 

the nanowire [21]. Tait et al. [23] also reported degradation of XRD curves associated with vertical Bi 

concentration inhomogeneity caused by Ga droplets.  The degradation of XRD features in the sample 

studied here may thus be attributed to inhomogeneity in the Bi incorporation in both vertical and lateral 

directions. 

When As/Ga is increased to regime H, the decrease in Bi incorporation is generally explained by increased 

competition between As and Bi for bonding sites. The degradation of the XRD features is likely due to 

interference of the Bi droplets on layer growth and is accompanied with a roughening of the surface. 

However, in contrast to regime L, clear Bi accumulation, in the form of visible droplets, is not evident in 

the beginning of regime H, even when significant reduction in Bi incorporation is observed. This suggests 

that significant Bi evaporation occurs on the As-rich surface despite the low growth temperature. At 

higher As/Ga, Bi surface coverage eventually reaches a threshold where visible droplets accumulate. 

Furthermore, the growth rate, determined by the Ga flux, decreases with increasing As/Ga, thus giving 

more time for Bi to form droplets. Despite the lack of visible Bi droplets, very small surface Bi clusters can 

still explain the significant reduction in Bi incorporation in the lower As/Ga range [54]. Since LT-GaAs can 

be grown with relatively smooth surfaces at high As/Ga ratios, it is evident that this also causes disruption 

in the epitaxial growth, leading to reduced structural quality as well as roughening of the GaAsBi surface. 

However, the appearance of Bi droplets at higher As/Ga does not cause a significant increase in the 



roughness value, suggesting that the roughness is mainly a feature of the bulk GaAsBi material. This is 

reflected in the fact that the Bi droplets in regime H are highly irregular contrary to the well-defined 

droplets in the Bi-calibration sample.  In fact, Rodriguez et al. [54] showed that contrary to Ga droplets, 

formation of pure Bi droplets inhibit growth in the solid-liquid interface and can lead to formation of 

features such as GaAs cowls around the droplets. 

As a final remark, we note that the sample studied here was grown at the lower range of temperatures 

generally used for GaAsBi epitaxy (220 °C) [5-7]. The various temperature dependent processes in growth 

are expected to modify the character and boundaries of the growth regimes discussed here. For example, 

increasing the growth temperature is expected to lead to higher Bi evaporation rates [29], reduced AsGa 

and VGa defect incorporation rates [28,40], increased Bi segregation [14], as well as modification of the 

surface reconstruction phase map [26]. Furthermore, it will affect the diffusion lengths and lead to 

changes in the formation and behavior of droplets and their interaction with growth. Our preliminary 

investigations on samples grown at higher temperatures up to 370 °C reveal similar compound Ga/Bi 

droplets for growth with low As/Ga. However, for the high As/Ga regime, surface Bi droplets are 

eliminated at 370 °C due to increased Bi evaporation. We note that growth with temperatures up to 320 

°C did not result in a significant decrease of the maximum Bi concentration measured by XRD, suggesting 

that the growth at regime S proceeds with saturated Bi incorporation with respect to temperature, 

consistent with low Bi evaporation as well as with the observations by Richards et al. [7].  Thus, the current 

study represents conditions with low evaporation and a dopant-like incorporation of Bi and serves as a 

representative framework for systematic study of GaAsBi properties with respect to the As/Ga ratio. 

5. Conclusions 

We have investigated the incorporation of Bi and the resulting material properties for GaAsBi growth with 

respect to varying flux ratios. The study was performed using stationary MBE growth with experimentally 



determined flux distributions for each constituent. This allowed the characterization of material 

properties with arbitrarily small step size as a function of the As/Ga ratio using a sample from a single 

growth run while eliminating the effect of unintentional growth-to-growth variations. Distinctly defined 

regimes for GaAsBi growth were identified in high resolution with respect to the As/Ga ratio. At the low 

As/Ga regime, excess Ga and Bi is accumulated in the form of Ga or compound Ga/Bi surface droplets, 

while growth in the high As/Ga regime leads to surface roughening and accumulation of excess Bi as 

droplets. Growth in these regimes is linked to immediate degradation of the structural properties of the 

bulk layer due to interference of unincorporated material with epitaxial growth. On the other hand, 

growth in the near-stoichiometric regime leads to efficient Bi incorporation, high structural quality and a 

droplet-free surface. Surface mounding, which is most pronounced at the lowest As/Ga values within the 

near-stoichiometric regime, was suppressed by fine-tuning the As/Ga ratio. This allowed the growth of a 

thick GaAsBi layer with 0.5 nm roughness despite the low growth temperature of 220 °C while using co-

supplied As and Ga epitaxy. However, it is evident that small deviations in the As/Ga value lead to 

significant degradation of the structural and surface quality, emphasizing the challenges for material 

optimization and reproducibility using conventional growth. Finally, we note that sensitivity to the V/III 

flux ratio, non-ideal material properties and droplet formation are general features of the III-V-Bi system 

[1,55,56]. Further application of the stationary growth method to investigate these issues is also 

demonstrated in our recent study concerning the dynamics of GaSbBi growth with respect to the Sb/Ga 

ratio [57]. 
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